Temporary passive immunity such as serotherapy against venoms requires the full knowledge of all venom's components. Here, four venoms from Moroccan common yellow scorpions belonging to Buthus occitanus, subspecies tunetanus, paris, malhommei, and mardochei, all collected in four different restricted areas, were analysed in deep. They were fractionated by reversed-phase high-performance liquid chromatography (RP-HPLC) and their molecular masse profile determined by off-line MALDI-TOF mass spectrometry. Characterisation of their main components was achieved by enzyme-linked immunosorbent assay (ELISA) using specific antisera against the major lethal scorpion toxins identified so far, i.e.
Introduction
All around the world, scorpion envenomation represents a public health issue (Carmo et al., 2015; Chippaux, 2012) . In North Africa, its gravity is mainly due to the Buthidae, genus Androctonus, Buthus, and Hottentota. The venoms toxicity is primarily due to neurotoxins that target with high-affinity ionic channels of excitable cells, causing severe cardiac failure and pulmonary oedema (Catterall et al., 2007; Santos et al., 2016) . These toxins are low molecular weight and tightly disulphide bond-folded proteins for which studies have demonstrated their fast absorption and distribution through the body in the absence of immunotherapy (Bosmans and Tytgat, 2007; El Hafny et al., 2002; Martin-Eauclaire and Bougis, 2012; Martin-Eauclaire and Couraud, 1995; Rodríguez de la Vega and Possani, 2005) .
In Morocco, scorpion stings constitute 30e50% of the treated casualties by the "Centre Antipoison du Maroc" and 0.016% of the country population size. Even a fatality rate for young children as high as 8.2% was reported (Soulaymani Bencheikh et al., 2003) . The black scorpion Androctonus mauretanicus mauretanicus (A. m. m.) is largely responsible for lethality in human being. Its venom is one of the most toxic Buthidae venoms described so far (Alami et al., 2003; Rosso and Rochat, 1985; Zerrouk et al., 1991) . The other species causing severe stings and health problems in Morocco is the common yellow scorpion Buthus occitanus (B. o.) widely spread between North Africa, the Middle East, and even the Southern part of Europe (Martin-Eauclaire et al., 2014b) . Subspecies classification is particularly elusive because of poorly distinctive characters. Also, previous analysis and lethality tests have shown that the venom's content largely differed among subspecies (Martin and Rochat, 1984; Vargas et al., 1987) . When compared to the highly toxic A. m. m. venom, their weaker toxicity for human could be explained by a very low amount of "classical" a-toxins very specific of the mammalian Na v channels (Martin-Eauclaire et al., 2014a) . So far, the major toxins characterised in Buthus venoms belong to the socalled "a-like" toxins possessing a double specificity for mammals and insects and are far less lethal for mammal than "classical" atoxins are (Martin-Eauclaire et al., 2016b) . Also, their venoms contain a large amount of toxins exclusively selective for insects (Bel Haj Rhouma et al., 2003; Mejri et al., 2003) .
Antibody-based serotherapy is the major specific treatment against venomous stings and bites (Gutierrez et al., 2003) . However, there are still weaknesses associated with its use and improving the efficacy of envenomation treatments depends on what is known about each venom contents, because only a limited number of neurotoxins are responsible for its lethality. Thus, it is essential to identify in any venom the most active and represented toxins for each antigenic group, in order to develop the best processes of neutralizing them. The problem becomes even more intricate according to the variability of the quantities of toxins in a venom, which is sometimes associated to sex, toxin pool regeneration time, geographical origin, as well as extraction procedure (Pimenta et al., 2003; Rodríguez de la Vega et al., 2010; RodriguezRavelo et al., 2015) .
During the past decade, several proteomic approaches have been employed to establish venomic profiles (Barona et al., 2006; Batista et al., 2007; Bringans et al., 2008; Kuzmenkov et al., 2015; Martin-Eauclaire et al., 2013b; Oukkache et al., 2008; Pimenta et al., 2001 Pimenta et al., , 2003 Rodriguez-Ravelo et al., 2015; Schwartz et al., 2007; Valdez-Velazquez et al., 2016) . In this study, by using RP-HPLC coupled to off-line MALDI-TOF/MS and ELISA, we conducted a careful peptides analysis of venoms from four different subspecies of Buthus occitanus (B. o. tunetanus, B. o. mardochei, B. o. paris, and B. o. malhommei) picked up in different but restricted geographical areas all across Morocco. The results we have obtained must contribute to a better serotherapy handling.
Materials and methods

Venoms and toxicity tests
Dr F. G. Celo (Zweibrüchen, Germany) supplied lyophilised B. o. tunetanus, B. o. mardochei, B. o. paris, and B. o. malhommei venoms from distant but highly restricted areas in Morocco (Fig. 1) . The specimens were previously identified and classified using taxonomic keys by Pr Vachon (1952) . From the starting material, dissolved in 1 mL of water and then centrifuged (13,000 rpm, 20 min, 4 C, in order to get rid of insoluble and not toxic high molecular weight proteins), values of 58% for B. o. tunetanus, 60% for B. o. paris, 100% for B. o. malhommei and 46% for B. o. mardochei were recovered (w/w, assuming 1 OD 280nm is equivalent to 1 mg/mL). The manually extracted Androctonus mauretanicus mauretanicus (A. m. m.) venom was a gift of the Pasteur institute of Casablanca.
In vivo toxicity tests were performed in male C57 Black 6 mice weighing 20 ± 3 g (CNRS, Orl eans la Source, France) by subcutaneous route (s.c.), as previously described (Martin and Rochat, 1984) . This study was approved by Aix-Marseille University according to the European Community directives N 86/609/CEE for the animal care.
Reversed-phase HPLC chromatography
RP-HPLC was performed using a Dionex UltiMate 3000 HPLC (Thermo, Grand Island, USA) onto a LiChrospher ® 100 RP-8, 5 mm, 4 Â 250 mm column (Merck, Darmstadt, Germany), as already described (Martin-Eauclaire et al., 2013a) .
Mass spectrometry analysis
Mass spectra snapshots were acquired on a MALDI-TOF/TOF Ultraflex II mass spectrometer (Bruker Daltonics, Bremen, Germany) in linear positive mode using Bruker Protein1 calibration standard with the following parameters: 100 ns pulsed ion extraction time, 25 kV ion source voltage 1, 23.5 kV ion source voltage 2 and matrix suppression up to 2500 Da. Sample (1 mL) was mixed v/v with a matrix solution of a-cyano-4-Hydroxycinnamic acid (5 mg/mL of 0.1% TFA/50% acetonitrile/50% water) and allowed to crystallize at room temperature. For smoothing and baseline subtraction, the algorithms selected were Stavitzky Golay and Convex Hull, respectively. RP-HPLC fractions (1 mL) were offline spotted (1 mL) onto a Bruker MTP-384 steel plate using a
Freedom EVO
® MALDI-spotting (Tecan, M€ annedorf, Switzerland) for an automatic mass spectrometry analysis as already described (Martin-Eauclaire et al., 2013b) .
Specific antisera and ELISA
Antisera were prepared in New-Zealand rabbits in the laboratory as previously described (Abbas et al., 2009; Alami et al., 2003) . RP-HPLC fractions were tested for each above listed antisera, as already described (Martin-Eauclaire et al., 2014b) . The antiserum against A. m. m. venom was prepared using the Sephadex-G50 gelfiltration fraction, witch is know to contain all the low molecular weight toxins and encompasses the total venom lethality.
ELISA 96-Nunc-Immuno-plates (VWR international Ltd, Leicestershire, UK) were used to coat samples in 50 mL of 50 mM carbonate/bicarbonate buffer, pH 9.6. The plate was shacked overnight at 4 C to achieve the antigen coating process. Afterward, the plate was saturated for 1 h with a blocking solution at room temperature (100 mL by well of 5% dried milk in PBS, 0.05% Tween 20, pH 7.4). After washing 3 times (300 mL by well of 0.1% dried milk in PBS, 0.05% Tween 20, pH 7.4), binding of the toxin-specific serum (100 mL by well of a 1/10 000 dilution) was allowed for 90 min at room temperature. Then, after washing (same as above), an alkaline phosphatase-coupled goat anti-rabbit Fab (100 mL by well of a 1/40 000 dilution) was added. After a 90 min incubating period at room temperature and a washing (same as above), the 4-nitrophenylphosphate substrate (Merck, Darmstadt, Germany) was added (300 mL by well of a 3 mg/mL solution in 10% diethanolamine buffer, 0.5 mM MgCl 2, pH 9.8). After the colorimetric reaction had developed (between 15 and 60 min), the absorbance was measured at the wavelength 405 nm using a Labsystems iEMS Reader MF (Labsystems Oy, Helsinki, Finland).
Results and discussion
Table 1 recaps our current knowledge on the polypeptides characterised up to now from Buthus occitanus venoms with multiple sequence alignments (Notredame et al., 2000) .
Toxicity in mouse
The mostly toxic Buthus occitanus subspecies venom belongs to the B. o. tunetanus with a LD 50 value (s.c.) of 0.8 mg/Kg, followed by the B. o. paris with a value of 1.3 mg/Kg, then by B. o. mardochei and B. o. malhommei with an identical value of 1.5 mg/Kg. They all exhibit a weaker toxicity than the one described for the venom of the black scorpion A. m. m. (LD 50 ranging from 0.050e0.2 mg/Kg), which could be considered the most toxic Moroccan scorpion venom.
Mass spectra snapshots of the four Buthus venoms
Usually the main molecular masses described in Buthidae scorpion venoms range between 900 and 17,000 Da (Barona et al., 2006; Batista et al., 2007; Bringans et al., 2008; Kuzmenkov et al., 2015; Martin-Eauclaire et al., 2013b; Oukkache et al., 2008; Pimenta et al., 2001 Pimenta et al., , 2003 Rodriguez-Ravelo et al., 2015; Schwartz et al., 2007; Valdez-Velazquez et al., 2016) . Only two groups of peptides were visible in the snapshots as shown in Fig. 2 . They have a molecular mass ranging from 3000e4000 Da and from 6000e8000 Da, which could correspond to peptides acting on K þ and Nav channels, respectively. It is worth to also mention that: i) the short masses comprising the K þ channel blockers displayed the highest intensity in MALDI-TOF/MS when compared to the Nav channel modulators ones, which would however constitute more than 50% of A. m. m. and A. a. H. venoms physiologically handextracted (Devaux et al., 2004; Zerrouk et al., 1991) . Several transcriptomic analyses gave also different values according to the Buthidae studied. For Buthus occitanus israeli (B. o. israeli) and Androctonus bicolor (A. b.), Nav modulators transcripts constitute 50% and 33% while those for the K þ channel blockers represent 28%
and 32%, respectively (Kozminsky-Atias et al., 2008; Zhang et al., 2015) . These data truly indorse that MALDI-TOF/MS is far from a quantitative method; ii) identical masses are rarely found in the four venoms (Table 2) . Only the mass 3186 ± 1 Da is common to the four subspecies and could correspond to a close analogue of the K þ channel blocker AmmP01 (a-KTx 8.1) already identified with an identical sequence in the venoms from A. m. m., A. a. H., and B. o. tunetanus from Egypt (Zerrouk et al., 1996) . All other masses are different, indicating a great diversity among the four venoms peptides. None of the masses found in the snapshots is corresponding to a toxin already described; iii) even if this kind of analysis does not give truly quantitative results, we can observe that the venom of B. o. paris is really poor in masses between 6000 and 8000 Da, compared to the three other venoms and could contain less Nav channels modulators; iiii) no mass is seen over 8000 Da, even if some higher molecular weight proteins (up to 45,000 Da) have been described in scorpion venoms (ValdezVel azquez et al., 2013) . Also mentioned is a lipolysis activating protein (LVP1, 10,000 Da; Table 1 ) purified from the venom of B. o. tunetanus collected in Tunisia (Soudani et al., 2005) . 
Venoms fractionation and masses analysis using off-line LC/ MALDI-TOF/MS
At a glance, it is perfectly clear that, even if some similar fractions can be found in the chromatograms, the elution profiles of the four venoms are different (Fig. 3) . The components eluting at the beginning of the chromatogram (roughly up to 55 min) correspond to short peptides of 3000e4500 Da, a region where usually K v and K Ca channels specific blockers, as well as the so-called chlorotoxins, are found. Components of 6000e8000 Da eluting later (from 53e73 min) are usually diverse Na v channel modulators specific peptides affecting either invertebrates (insects, crustaceans) or vertebrates (mammalians) (Martin-Eauclaire et al., 2014b , 2013a , 2013b . This observation is corroborated by injection onto the column of three toxins used as references: i.e. two short K v channels pore blockers purified from the Moroccan scorpion A. m. m. venom, KTX (a-KTx 3.1, blocks K v 1.1 and K v 1.3 channels), AmmTX3 (aKTx15-3, homologous to BmTX3, blocks K v 4.1-3 channel); the "classical" a-toxin of reference AaH II purified from the A. a. H.
venom (impairs Na v channels fast-inactivation).
Overall, the MALDI-TOF/MS analysis gave the following numbers of identified masses: 110 for B. o. paris, 140 for B. o. mardochei, 220 for B. o. tunetanus, and 120 for B. o. malhommei. Nonetheless, these results could be largely overestimated mainly because the venoms were pooled secretions obtained under electro-stimulations of the post-abdomen of several specimens and must be considered as not physiological venoms. Also, some molecular masses can actually be due to post-translational modifications such as amidation, alkylation, and methionine oxidation (Bougis et al., 1989; Martin-Eauclaire et al., 2016a) . Table 2 summarizes at which retention time (RT) the main masses in the four venom's snapshots are found.
Immunological characterisation of the RP-HPLC fractions
ELISAs were conducted on the RP-HPLC fractions in order to characterise the different constituents able to cross-react with the specific antisera available against the most representative toxins of the major structural-immunological groups (SIG) of scorpion toxins (Granier et al., 1989; Martin-Eauclaire et al., 2016b) .
Immunological responses with antisera against "classical" atoxins
No conclusive signal was observed when the antiserum against AaH I toxin (SIG 1) was used. With the antiserum against AaH II (SIG 2) a strong reactivity was observed in the four venoms (Table 3) . AaH II could be responsible for up to 73% of the toxicity for mammals in physiological venoms collected manually in diverse Tunisian oasis (Devaux et al., 2004) . The most responsive fractions were found in the B. o. tunetanus venom, which is also the most lethal for mouse. In the B. o. tunetanus venom from Algeria, two toxins (Bot III and Bot XI; Table 1 ) structurally homologous to AaH II but far less potent both in vivo and in vitro were previously described (Alami et al., 2003; Sampieri et al., 1987) . The four venoms contain at least one toxin from the structural-immunological group 2. However, these toxins are probably slightly different in sequence and immunological response, since the reactivity is not identically distributed all along the chromatogram and no masse similar to those of Bot III and Bot XI was found.
As stated above, "classical" a-toxins belonging to structuralimmunological group 2 are known as the most lethal in scorpion venoms. An AaH II-specific ELISA has been completed in order to quantify the amount of AaH II-related toxins in the four pools of studied Moroccan Buthus venoms. Known quantities of highly purified AaH II were used to establish the reference curve first (0e10.5 ng; R 2 0.9920). Quantities of SIG 2 relevant toxins detected Table 2 Correlation between the masses observed in the MALDI/TOF/MS snapshots (see Fig. 2 ) of the four Buthus venoms and their counterpart in the HPLC fractions analyzed by offline MALDI/TOF/MS with their corresponding retention time (RT). NF, the mass was not found in the HPLC fractions; *the mass was found in the HPLC fractions but does not appear in the snapshot analysis. In gray is the only common mass to the four venoms. Here, we assume that all the molecules are probably not quantified to the same extent because of differences in their epitopes, which lead to different affinities for the AaH II specific antibodies used.
Immunological responses with antisera against "a-like" toxins
The four Buthus occitanus venoms gave a strong cross-reaction with the antiserum raised against the "a-like" toxin Bot I (SIG 3) (Table 3 ). This positive response indicates the presence of several constituents, "a-like" toxins or "a-like-anti insect" toxins, with amino acid sequences closely related to Bot I. In the B. o. mardochei venom, masses corresponding to the "a-like" toxins Bom III and Bom IV (Table 1, Fig. 3 ) were found together in the 56 min fraction, and a mass corresponding to the non-toxic protein P1 was found in the 59 min fraction (Vargas et al., 1987) .
Furthermore, another study had quantified the Bot I antigenically related toxins (SIG 3) in exactly the same pools of B. o. paris and B. o. mardochei venoms we studied here (el Ayeb and Rochat, 1985) . Amounts of 1600 ng/mg and 7400 ng/mg were found, Fig. 3 . RP-HPLC chromatograms of the four Buthus occitanus venoms. 1 mg of each soluble venom was loaded onto a LiChrospher ® 100 C8 RP-HPLC column. Solvent A was 0.1% TFA in water and solvent B was 0.1% TFA in acetonitrile. The flow rate was 1 mL/min and collected-fractions were 1 mL each. The elution, monitored by UV absorbance at wavelength of 215 nm and at one unit full scale, was performed by increasing the percentage of B (v/v) as follow: 6 min at 5%, 80 min from 5-45%, 10 min from 45-100%, 5 min at 100%, and 10 min from 100-5%. Used as standards, 1 nmol of KTX, AmmTx3, and AaH II have been also loaded onto the column in the same experimental conditions. As noticed: þ and # in the B. o. paris chromatogram indicate the elution time of Bop KTX, and BopP1 and P2, as already purified (Martin-Eauclaire et al., 2013a) ; ☐ in the B. o. mardochei chromatogram indicates the elution time of Bom III and Bom IV; -indicates the non-toxic protein P1, as already purified (Vargas et al., 1987) ; þþ indicates a strong positive response given with the anti-insect toxin AaH IT1 antiserum.
respectively. As such, our ELISA measures all immunoreactive molecules in the venom. However, the antibodies reactivity was dependent on the sequence and native conformation of the toxins, which also affects their toxicity (Devaux et al., 2002) . At this stage, we can conclude that the four Buthus occitanus venoms contain at least several molecules sharing high sequence and 3D structure identities with the known toxins from the structural-immunological groups 2 and 3 and that toxins from the group 1 are lacking.
Immunological responses with antisera against b-toxins
At first, we used an antiserum against Css II (a "classical" b-toxin only lethal for mammals) and an antiserum against Ts1 (a "b-like" toxin lethal for mammals and insects). No positive response was detected and we thus can deduce that no toxin highly structurally related to the "classical" b-or "b-like" toxin from New World scorpion venoms was found in the four Buthus occitanus venoms.
No "excitatory anti-insect" b-toxin such as AaH IT1 purified from A. a. H. venom (the most lethal and selective toxin against insects) was characterised so far in Buthus venoms from North Africa. Using a specific antiserum against AaH IT1, a very strong positive signal was obtained at the end of the chromatography for the four venoms. Therefore, at least one "excitatory" anti-insect b-toxin belonging to the AaH IT1 family is present in each of the four venoms (Fig. 3) .
Several "depressant" b-toxins active against insects have been characterised in the B. o. tunetanus venom from Tunisia (Table 1) , but no specific antiserum is available to search for. Also, no antiserum was available against two other classes of toxins exhibiting a weak b-type activity against insects or mammals such as weak "blike" toxins (Gordon et al., 2003; Loret et al., 1991; Shao et al., 2007) , and "Birtoxin-like" toxins (Abbas et al., 2011; Caliskan et al., 2006; Inceoglu et al., 2005; Martin-Eauclaire et al., 2005; Srairi-Abid et al., 2005) . These two families of molecules should be present and remain to be characterised in the B. o. venoms herein studied. Anyway, these toxins presented low or even no toxicity at all when injected s.c. to mice and should not contribute too much to the venom lethality. Consequently they are not main targets for serotherapy.
3.4.4. Immunological responses with antisera against K þ channels pore blocking toxins RP-HPLC fractions were screened with two antisera against K v channels pore blocking toxins. In the B. o. paris venom, the already characterised Bop KTX (4166 Da), Bop P1 (4098 Da), and Bop P2 (4126 Da) (Table 1) (Martin-Eauclaire et al., 2013a) , were reactive in the 40 min and 42 min fractions (Fig. 3) . With the antiserum against Table 3 Retention time (min) of the HPLC fractions given an immunological response with the specific serum prepared against the "alpha-like" toxin Bot I as well as the "classical" alpha toxin AaH II. The number of cross indicates the strength of the reactivity with the serum. Four digit numbers are the major masses (Da) present in the HPLC fractions that reacted þþþ. Toxins identified by their already known masses are named (Vargas et al., 1987 
KTX, the maximum of recognition for the three other venoms was seen at the 37 min, 38 min, and 39 min fractions, signing molecules very close to KTX (Fig. 3) . With the antiserum against BmTX3, strong reactions were observed at the 44 min, 45 min, and 47 min fractions (the homologous AmmTX3 eluting at 49 min). To be compared, small masses (3700e4500 Da), well matched with aKTx3 and a-KTx15 families' members, were found in the RP-HPLC fractions giving an ELISA positive response.
Immunological responses of the four Buthus occitanus venoms with an antiserum against the Androctonus mauretanicus mauretanicus venom
Venom cross-reaction could be a useful help to set up any serotherapy with a large geographical covering. To ascertain if the A. m. m. venom is capable to give cross-reaction with the four Buthus occitanus venoms, an ELISA was performed using a specific A. m. m. antiserum. Undoubtedly Fig. 4 shows that such a very good cross-reaction exits.
Conclusions
In this study, we used both mass spectrometry and ELISAs to depict the venom content of Buthus occitanus subspecies collected in restricted and very distant areas in Morocco. Identical masses (ranged between 3000 and 8000 Da) are rarely found among the four Buthus occitanus venoms, indicating a very large venom polymorphism. Also, no mass corresponding to the toxins already identified in the B. o. tunetanus venom from animals collected in Algeria was found (Table 1) . ELISAs show that the four venoms contain the same subfamilies of K v channel pore blockers, such as KTX and AmmTX3, which are likewise found in the venoms of other North African Buthidae (A. m. m., A. a. H., and A. amoreuxi), as well as in the venoms of Middle East (Leiurus quinquestriatus hebraeus and B. o. israeli) and Asiatic (B. m. Karch, and B. eupeus) scorpions. However, it is worth to mention that these subfamilies, because of their almost innocuousness when injected peripherally, do not present a real threat for human beings. Concerning the Na v channels modulators, toxins from the structural-immunological group 2 (like the highly lethal "classical" a-toxin AaH II) are present in the four Buthus occitanus venoms studied. The strong cross-reactivity with the antiserum against Bot I (SIG 3) observed from 53e73 min for the four venom's HPLC fractions indicates that they are essentially composed of "a-like" and "a-anti-insect" toxins, closely related to Bot I, which exhibit weak or even no toxicity for mammals. On the contrary, no toxin from the structuralimmunological group 1 (AaH I-like), and either potent "classical b" or "b-like" toxins, such as those found in North and in South American Buthidae, was detected in the four studied venoms. Accordingly, our results must be taken into deep account for the preparation of an efficient serotherapy and suggest that using only antiserum against the A. m. m. venom, witch is known to contain all the a-toxin's structural-immunological groups (Oukkache et al., 2008) , could alleviate any Buthidae scorpion envenomation in Morocco with efficacy, as evidenced also by ELISA (Fig. 4) . That being said, the best rational choice must remain the combination of both A. m. m. and B. o. venoms from diverse origins (Fig. 1) as the paramount immunogenic starting material to be used. 
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